Introduction
In headphone listening, a head-related transfer function (HRTF) is sometimes used to achieve spatial hearing, and a sound image can be localized at an arbitrary point using HRTFs. In our study, an HRTF is defined as the acoustical transfer function between a sound source and the entrance of the ear canal. Each HRTF depends on the listener and the direction of the sound source. Since fine sound localization cannot be obtained with unsuitable HRTFs [1] , it is crucial to prepare suitable ones, though there is no way to obtain a suitable HRTF without measuring the HRTFs of all listeners and sound directions. Thus, a suitable HRTF that could be estimated by a simple or an inexpensive measurement would be effective.
In this paper we propose and both objectively and subjectively evaluate a simpler and more useful estimation method. In this method, HRTFs correspond to physical features by multiple regression analysis because of the relationship between HRTFs and such physical features as the size of the head, ears, and so on. This proposed method can provide suitable HRTFs without special measurement equipment.
Method
The relationship between HRTFs and physical features is investigated with multiple regression analysis. In our experiments, we divided the HRTF into two parts: initial delay, which is represented by magnitude response, and interaural time difference (ITD). The estimation procedure is performed to ascertain the magnitude of the main response and ITD respectively.
To estimate the magnitude response we employ our previous proposed method [2] . Since HRTF is very complicated transfer function, first a principal component analysis (PCA) is applied, which is represented as the product of the basis functions by the weights. Then the physical features are corresponded to the weights by multiple regression analysis, and these weights can be estimated by a regression model. Finally, estimated magnitude responses are obtained from the product of the basis function and the estimated weight. The estimated HRTF of the main response is reconstructed as a minimum phase [3] . In the case of ITD estimation, the individual ITD vectors T k are decided at first. Since HRTFs were measured for 72 azimuths at intervals of 5 , T k is given by:
where is the subtraction of the initial delay of the right ear from the delay of the left ear (the initial delay is given in [4] ), k is an index of subjects, and is measured in degrees. These ITDs correspond to the physical features by multiple regression analysis for every azimuth:
where n is the regression coefficient, x nk represents physical features, " is the estimation error decided by the method of least mean squares, and N is the number of physical features. we measured nine physical features. N is nine in Eq. (2).
Once multiple regression models are calculated, only the physical features are measured to estimate the HRTFs. In other words, the listeners can obtain their own HRTFs by only measuring the physical features.
Measurement
HRTFs and physical features are measured with 86 Japanese subjects, 71 males and 15 females, who ranged from 17 to 33 years old.
Measurement of HRTFs
In our experiments, an HRTF is defined as the acoustical transfer function between a sound source and the entrance of the ear canal. HRTFs were measured in a reverberant room at reverberant times of 150 ms.
Impulse responses were measured by using the timestretched pulse (TSP) [5] with a loudspeaker (BOSE ACOUSTIMASS) attached to the arched traverse. TSP duration was 1 s. The subjects were sat on a turntable that can be rotated at intervals of 1 with an accuracy of 0.3 . Microphones (SONY ECM-77B) were positioned at the entrances of both ear canals to block them, so the microphone diaphragms were in the same position as the entrance of each ear canal.
HRTFs were measured for 72 azimuths at intervals of 5 . The distance from the sound source was 1,520 mm, and the sampling frequency was 48 kHz. The azimuths corresponded Ã e-mail: n-inoue@sp.m.is.nagoya-u.ac.jp . The sound source, the bitragion, and the pronasale were all located on a horizontal plane. The HRTFs used in these experiments can be downloaded at the following Website: http://www.ciair.coe.nagoya-u.ac.jp/db/ 3.2. Measurement of physical features
We measured nine physical features determined to be the data points when the KEMAR manikin was designed (Fig. 1) [6]: 1) ear length, 2) ear breadth, 3) concha length, 4) concha breadth, 5) protrusion, 6) bitragion diameter, 7) radial distances among the bitragion and the pronasale, 8) radial distances among the bitragion and the opistocranion, and 9) radial distances among the pornasale, the vertex, and the opistocranion. Table 1 shows the measurement results.
Experiments
The estimated HRTFs were evaluated objectively and subjectively. In the experiments, we employed five principal components about the magnitude response, using 82 subjects' data for analysis, and 4 subjects' for estimation.
Experimental conditions 4.1.1. Objective tests
We evaluated the estimation performance using a spectral distortion (SD) score given by
where jHð f i Þj is the magnitude response of the measured HRTF, jĤ Hð f i Þj is that of the estimated HRTF, and f is the frequency. The estimated HRTF is more similar to the measured HRTF when a small SD is obtained.
Subjective tests
A sound localization test was performed subjectively by evaluating the measured and the estimated HRTFs. Target azimuths were intervals of 30 on the horizontal plane. Stimuli were white noise of 1 s duration, and each subject was presented with four stimuli in each direction. There was a 4 s gap of silence between each stimulus. The stimuli were transduced by headphones (ETYMOTIC RESEARCH, ER-4B). Four stimuli were presented for every azimath. The subjects for these tests were four males whose HRTFs were estimated by multiple regression models. 4 Figure 2 shows the left ear SD scores by azimuth under two different bandwidth conditions. One bandwidth is from 0 to 8 kHz (I ¼ 86), the other from 0 to 24 kHz (I ¼ 256). Since SD scores were obtained by a cross-validation method, the experimental conditions are 83. The average SD scores for all azimuths were 4.0 dB for the bandwidth from 0 to 8 kHz and 6.2 dB from 0 to 24 kHz. The small and large SD scores were obtained at the angles around the left and the right ears, respectively. Since the HRTFs on the right side are produced by reflection and refraction of sound waves, the HRTFs on the right side are more complicated than those on the left; therefore, the estimation performances are inferior. However, the influence on the sound localization is only slight because the sound pressure level is low at these angles.
Previous research claimed that good sound localization can be obtained using HRTFs whose SD scores were almost the same as those in this experiment [2] . Therefore, we assume that the performance achieved using the estimated HRTFs will be the same as the measured HRTFs. Figure 3 shows the results of sound localization. In these figures, circles correspond to the number of answers. The total answers are 16 in every target azimuth. The correct answers lie on the solid diagonal and lines, while front-back confusion is represented on the dashed and dotted lines. Table 2 shows the correct and front-back confusion rates.
Subjective results
Significance tests (T-test) were performed for to determine correct rates. In the tests, the levels of significant were 0.05; there was no significant difference between the measured and the estimated HRTFs when using white noise of the bandwidth from 0 to 8 kHz. Such a result suggests that HRTFs can be estimated with physical features for the bandwidth of 0 to 8 kHz.
Conclusions
A method of estimating HRTF was proposed in which performance was evaluated by spectral distortion and sound localization. The results indicate that good performances were obtained with no significant difference between the measured and the estimated HRTFs with respect to perception. We have thus clarified that it is possible to estimate suitable HRTFs for all listeners by using physical features. Future work will involve investigating other estimation methods to improve the objective results. 
